**Core tip:** For many health care professionals in the United States, the Cockcroft-Gault (CG) equation has become perhaps the most popular practical approach for estimating renal function. Despite its widespread use, clinicians often overlook not only the limitations of the original serum creatinine (SCr) based equation, but also may not appreciate the validity of variations used to compensate for these limitations. For cirrhotic patients in particular, the underlying disease pathophysiology contributes to a falsely low SCr, thereby overestimating renal function with use of the CG equation in this population.

INTRODUCTION
============

In order to optimize efficacy and minimize potential toxicity of pharmacologic agents, appropriate patient-specific dosing of medications remains an inherent responsibility of all healthcare providers. Proper assessment of a patient's renal function is essential when managing medications that are primarily renally excreted\[[@B1]\]. With an estimated 14% of adults in the United States experiencing varying degrees of chronic kidney disease (CKD), optimization of drug therapies poses a frequent challenge to clinicians\[[@B2]\]. Renal impairment may significantly alters the pharmacokinetic (PK) properties of many medications\[[@B3]\]. Therefore, reasonably accurate yet convenient quantification of the degree of renal impairment is an essential tool for clinicians implementing renal dose adjustments\[[@B3]\].

In the majority of clinical settings, calculating the creatinine clearance (CrCl) using the Cockcroft-Gault (CG) equation has become the most popular and practical approach for estimating renal function\[[@B4],[@B5]\]. Many institutions provide dosing recommendations based on calculated CrCl, and even often utilize electronic health record (EHR) software that automatically calculates CrCl based on the CG equation. Unfortunately, some clinicians fail to realize the inherent limitations of a serum creatinine (SCr) based equation and the subsequent variations that stem from many of these limitations\[[@B1],[@B4],[@B6]\].

SCr concentrations can be altered by patient specific factors including age, sex, weight, muscle mass, disease state, diet, and certain drug therapies, thus limiting the generalizability of the CG equation\[[@B1],[@B4]-[@B6]\]. For example, patients with hepatic impairment not only experience altered drug metabolism, but also have secondarily reduced creatinine production. If not taken into consideration, these SCr-based formulas can lead to an overestimation of GFR in cirrhotic patients\[[@B7]\].

To help clarify the true applicability of the CG equation, we will discuss the origins of the CG equation and the evidence and reasoning behind specific alterations to the equation used in current practice.

DATA SOURCES AND SELECTION
==========================

Data included in this review were identified from a PubMed search of publications starting in 1970 through June of 2016. Searches included the keywords "Cockcroft-Gault", "serum creatinine", "creatinine clearance", "renal function", "cirrhosis" and related search terms. Publications were considered for review if they were designed as meta-analyses, retrospective, or prospective studies that compared different methods of estimating CrCl using the CG equation.

THE ORIGINS OF THE COCKCROFT-GAULT EQUATION
===========================================

The CG equation (Table [1](#T1){ref-type="table"}A; equation I) was derived from 236 patients (96% male), aged 18-92 years old in 1976 at the Queen Mary Veterans' Hospital in Canada. SCr values used in the equation were the mean values calculated from two 24-h SCr levels obtained from blood for each patient at steady state. The CrCl was calculated using 4 different formulas (Table [1](#T1){ref-type="table"}A; equations I-IV) that were compared against each other and with each patient's 24-h urine creatinine excretion. The CG equation was found to provide an estimated CrCl that was 80% ± 30% of the actual creatinine clearance calculated from the 24-h urine creatinine excretion test\[[@B5]\].

###### 

Different methods of estimating creatinine-clearance (A): Equations I-IV were evaluated in the original Cockcroft-Gault study, Equation V is a modified Cockcroft-Gault that only incorporates age and serum creatinine into the equation; B: Different body weight equations tested in the Cockcroft-Gault equation to compensate for various body types

  **A: Formula = CrCl (mL/min)**      **B: Formula = weight (kg)**                             
  ----------------------------------- ------------------------------------------ ------------- -----------------------------------------------------------
  I[1](#T1FN1){ref-type="table-fn"}   \[(140 - age)(weight in kg)\] (72 × SCr)   IBW~male~     50 + (2.3 kg × inches \> 60)
  II                                  (100/SCr) - 12                             IBW~female~   45.5 + (2.3 kg × inches \> 60)
  III                                 98 - 16 × \[(age - 20)/20\] SCr            AdjBW         IBW + \[(TBW - IBW) × C[2](#T1FN2){ref-type="table-fn"}\]
  IV                                  (94.3/SCr) - 1.8                           LBW~male~     9270 × TBW 6680 + (216 × BMI)
  V                                   (140 - age) SCr                            LBW~female~   9270 × TBW
  VI                                  100 SCr                                    FFW           Calculated using BIA\[[@B15]\]

CrCl × (1.73 m^2^/BSA) to normalize to body surface area (BSA) of 1.73 m^2^;

0.3 for 30% ABW and 0.4 for 40% ABW. AdjBW: Adjusted body weight; BMI: Body mass index; CrCl: Creatinine clearance; FFW: Fat free weight; IBW: Ideal body weight; LBW: Lean body weight; SCr: Serum creatinine; TBW: Total body weight; BIA: Bioelectrical impedance analysis.

Limitations acknowledged at the end of this trial included requirements for SCr to be at steady state, the need for normal relationship between muscle mass and total body weight, and factors related to age, sex, and height. In addition to this, the formula was tested in a patient population that was 96% male, which obviously limits the external validity of the results in female cohorts. To compensate for females having different relative amounts of fat and muscle compared to males, a somewhat arbitrary 15% reduction of predicted CrCl was considered appropriate based on previous study estimations\[[@B8]-[@B10]\]. Furthermore, it was noted that certain patients had predictably low creatinine excretion for age and body weight. Examples included paraplegics and patients with marked obesity or ascites. To correct for these patients, although no data were presented to support this decision, the authors suggested using ideal body weight (IBW).

Finally, due to the delay in SCr fluctuations and the time needed to establish a new steady state, the authors acknowledged that CrCl can be significantly overestimated in early phases of acute renal failure\[[@B5]\]. This is an extremely important concept for clinicians to grasp. In patients with excellent renal function, the t ½ is on the order of 4 h, and a new steady state could be reached in about 1 d. However, a 75% reduction in GFR would increase the half-life to about 15 h, and the time to steady state would increase to about 2 ½ d\[[@B11]\]. In the case of oliguric or anuric renal failure, it may take several days to reach a new steady state for the SCr\[[@B11],[@B12]\].

Despite the above acknowledged limitations of the CG equation, it has become the most popular renal function prediction method used for renal dosing by clinicians\[[@B1],[@B13],[@B14]\]. Attempts to validate CrCl calculated using the CG equation have produced mixed results\[[@B6],[@B13]\]. In their 2010 Guidance for Industry, the Food and Drug Administration (FDA) advocated for the use of the CG equation in drug development because it has been widely used in PK studies\[[@B14]\]. For instance, where CrCl may be inaccurate (muscle wasting, malnutrition, amputation, *etc*.), alternative methods of calculating CrCl are suggested but not required\[[@B14]\].

As clinicians, it is important to understand that attempts to modify the equation to compensate for some of these patient-specific factors often lead to variable results. In the sections that follow, we discuss the rationale and results that these various adjustments yield in predicting actual CrCl.

WEIGHING YOUR OPTIONS
=====================

Once again, recall that the CG equation was derived based on the assumption that SCr represents muscle mass as a definite percentage of the patient's body weight, and that both of these values decline in a linear manner as patients age\[[@B13]\]. In obese patients, these assumptions may not be true, as body fat becomes the major contributor to body mass\[[@B13]\]. Given that over 50% of the United States population \> 20 years old are overweight or obese, reviewing available literature comparing accuracy of different weights used in the CG equation may help clinicians optimize dose selection\[[@B1],[@B15]\].

The CG equation was derived from a population of normal weight individuals (mean = 72 kg) using actual body weight; and therefore, its use in obese patients may lead to significant estimation errors\[[@B5],[@B16]\]. Despite 40 years of clinical experience and numerous studies evaluating different weight calculations in obese patients (Table [1](#T1){ref-type="table"}B), no uniform consensus appears to exist for estimating CrCl using the CG equation in this patient population\[[@B1],[@B15]-[@B17]\].

Winter et al\[[@B1]\] studied the impact of various body weights used when calculating CrCl in obese and non-obese patients. They estimated CrCl using the CG equation with actual body weight (actBW) for body mass index (BMI) \< 18.5 kg/m^2^; IBW and actBW for BMI 18.5-24.9 kg/m^2^; and actBW, IBW, adjusted body weight (adjBW~0.3~), adjBW~0.4~, and lean body weight (LBW) for all patients with BMI \> 25 kg/m^2^. The calculated CrCl was compared to a CrCl derived from a measured 24-h urine collection for all 952 patients in the study. ActBW was shown to underestimate CrCl by 0.221 mL/min in underweight patients (BMI \< 18.5 kg/m^2^); in normal weight patients (BMI: 18.5-24.9 kg/m^2^), IBW was shown to be more accurate than actBW (IBW underestimated CrCl by 1.3 mL/min *vs* actBW overestimated by 4.7 mL/min); and in patients with a BMI \> 25 kg/m^2^, adjBW~0.4~ was shown to be the most accurate method of predicting CrCl (BMI 25-29.9 kg/m^2^ -2.4 mL/min; BMI 30-39.9 kg/m^2^ -6.2 mL/min; BMI \> 40 kg/m^2^ -5.9 mL/min) (Figure [1](#F1){ref-type="fig"}).

![Impact of various body weights used in estimating creatinine clearance from Winter et al\[[@B1]\]. In patients with a BMI ≥ 25 kg/m^2^, using AdjBW0.4 was the most accurate weight to estimate CrCl when compared to a 24-h urine CrCl. Under Wt: BMI \< 18.5 kg/m^2^; Normal Wt: BMI 18.5-24.9 kg/m^2^; Overweight: BMI 25-29.9 kg/m^2^; Obese: BMI 30-39.9 kg/m^2^; Morbidly obese: BMI ≥ 40 kg/m^2^; CrCl: Creatinine clearance; ActBW: Actual body weight; IBW: Ideal body weight; AdjBW: Adjusted body weight; LBW: Lean body weight; BMI: Body mass index.](WJH-9-131-g001){#F1}

In a similar study, Demirovic et al\[[@B15]\] prospectively evaluated the impact different body-size descriptors would have on the accuracy of the CG equation when compared to a timed 24-h urine collection. They estimated the CrCl in only obese patients with a BMI ≥ 40 kg/m^2^ and used ActBW, IBW, AdjBW~0.3~, AdjBW~0.4~, fat free weight (FFW), and LBW in the CG equation. Bioelectric impedance analysis (BIA) was used to estimate the FFW in patients. The calculated CrCl was compared to a CrCl derived from a measured 24-h urine collection for all 54 patients in the study (Table [2](#T2){ref-type="table"}). On average, the CG equation using a patient's actBW overestimated the CrCl by 107.4 mL/min; using IBW underestimated CrCl by 24.3 mL/min; using AdjBW~0.3~ and AdjBW~0.4~ both overestimated the CrCl by 19.8 and 32.3 mL/min, respectively; FFW and LBW were found to be the most accurate estimate of the measured CrCl, as the FFW underestimated CrCl by 6.8 mL/min and LBW underestimated by 8.1 mL/min (Table [2](#T2){ref-type="table"})\[[@B15],[@B18],[@B19]\].

###### 

Estimating creatinine clearance in morbidly obese patients by Demirovic *et al*\[[@B15]\] showed that using fat free weight and lean body weight provided the closest estimate to the control 24-h urine creatinine clearance

  **Method[1](#T2FN1){ref-type="table-fn"}**   **Mean estimated CrCl ± SD**   **Mean bias (mL/min)**   **± 30% of measured CrCl**   **± 50% of measured CrCl**
  -------------------------------------------- ------------------------------ ------------------------ ---------------------------- ----------------------------
  Measured CrCl                                109.5 ± 44.4                                                                         
  ActBW                                        217 ± 113                      -107                     13%                          30%
  IBW                                          85 ± 29                        +24                      48%                          89%
  AdjBW~0.3~                                   129 ± 55                       -20                      54%                          76%
  AdjBW~0.4~                                   142 ± 63                       -33                      52%                          67%
  FFW                                          103 ± 48                       +7                       61%                          83%
  LBW                                          102 ± 43                       +8                       56%                          87%
  MDRD4                                        96.3 ± 29.4                    +13.3                    51.90%                       87%
  Salazar-Corcoran                             155.2 ± 65.1                   -45.7                    46.20%                       55.60%

All weight variables used in CG equation only. MDRD4\[[@B18]\]: 186 × SCr^-1.154^ × age^-0.203^ × (0.742 if female) × (1.210 if black); Salazar-Corcoran\[[@B19]\]: Male: (137 - age) × \[(0.285 × Wt) + (12.1 × height meters)^2^\], 51 × SCr; Female: (146 - age) × \[(0.287 × Wt) + (9.74 × height meters)^2^\], 60 × SCr; ActBW: Actual body weight; AdjBW~0.3~: 30% adjusted body weight; AdjBW~0.4~: 40% adjusted body weight; CG: Cockcroft-Gault; CrCl: Creatinine clearance; FFW: Fat free weight; IBW: Ideal body weight; LBW: Lean body weight; MDRD: Modification of diet in renal disease study equation; SD: Standard deviation; Wt: Weight.

A meta-analysis by Wilhelm et al\[[@B17]\] analyzed a total of 1197 patients from 13 different trials and compared CrCl calculated with CG using ActBW, IBW, AdjBW~0.3~, AdjBW~0.4~, and no body weight (NBW) with a measured 24-h urine collection. For NBW, the authors assumed the patient weight to be 72 kg, as this was the average weight from the original CG trial\[[@B5]\]. NBW slightly modified the CG equation as it only incorporates age and SCr (Table [1](#T1){ref-type="table"}A; Equation V). When using actBW, the mean difference in the CG estimated CrCl was an overestimation of 15.91 mL/min; using IBW underestimated CrCl by 5.15 mL/min; using adjBW~0.3~ slightly underestimated the CrCl by 4.55 mL/min whereas the adjBW~0.4~ considerably underestimated the CrCl by 19.94 mL/min. The most accurate method of estimating CrCl was using the modified CG equation without a variable for body weight (NBW), which underestimated CrCl by 0.43 mL/min.

The studies presented above reiterate the challenges faced by many clinicians when estimating CrCl using the CG equation. The CG equation was not originally studied in obese patients, and therefore, has limited applicability in this population. The study by Winter et al\[[@B1]\] showed that in patients with a BMI \> 25 kg/m^2^, use of adjBW~0.4~ was the most accurate method of estimating CrCl when using the CG methods. Unfortunately, Demirovic et al\[[@B15]\] did not come to the same conclusion with the results found by Winter et al\[[@B1]\] and Demirovic et al\[[@B15]\]. They found that FFW and LBW provided the most accurate estimate of CrCl when compared to a measured 24-h urine collection. These findings support what was originally assumed by CG. That is, that SCr can best be used as a surrogate marker for renal function when an accurate assessment of a patient's muscle mass is used to calculate CrCl\[[@B5]\]. Unfortunately, calculating FFW and LBW on a daily basis is not practical in most clinical settings. Finally, Wilhelm's study illustrated that in a large, heterogeneous sample, removing the weight variable from the CG equation actually produced the estimate closest to the measured CrCl\[[@B17]\]. Although body weight remains controversial, utilizing the NBW equation assumes SCr predictable declines with age. Like the original CG equation, the NBW equation may be of limited use in patients with low SCr or falsely low SCr due to muscle mass or underlying disease. Certainly, the evidence presented by the authors of this review reiterate the potential limitations of the CG equation, and why this equation cannot be used as the sole means of estimating renal function in all patients.

SERUM CREATININE - HOW LOW CAN YOU GO?
======================================

It is well known that, due to a decrease in muscle mass beyond about age 40, SCr and CrCl decline as a patient ages. The CG equation assumes this decline is linear\[[@B5],[@B20]\]. In patients with a SCr ≤ 0.6 mg/dL, CrCl estimation using the CG equation often overestimate CrCl, and may consequently lead to supratherapeutic dosing of renally excreted drugs\[[@B21]\]. To compensate for this, clinicians often arbitrarily round a SCr ≤ 0.6 mg/dL to a closer-to-normal value (0.8-1 mg/dL)\[[@B21]\]. Although "rounding up" of SCr is a widely used technique by many clinicians, it has not been robustly validated\[[@B21]\].

Dooley et al\[[@B21]\] performed a study comparing measured GFR using diethyl triamine penta-acetic acid (DTPA) to an estimated CrCl calculated using the CG equation in patients with low SCr levels (\< 0.6 mg/dL), and determined the impact of rounding SCr to 0.6 mg/dL. This retrospective study analyzed 26 patients with an average age of 57 years old. When compared to the measured GFR, the CG equation, using actual SCr overestimated CrCl by 12.9%, whereas the rounded SCr of 0.6 mg/dL underestimated CrCl by 7% (Table [3](#T3){ref-type="table"}). Although rounding of SCr to 0.6 mg/dL was more accurate when calculating CrCl in this study, it was noted by the authors that clinicians typically round to either 0.8 or 1 mg/dL which would increase the underestimation when calculating CrCl. Furthermore, in patients with a measured CrCl that was \> 100 mL/min, the rounding of SCr to 0.6 mg/dL underestimated CrCl by 18.9% *vs* 0.1% using the actual SCr.

###### 

Results from Dooley *et al*\[[@B21]\] illustrated that rounding of serum creatinine to 0.6 mg/dL underestimated creatinine clearance by 7%; of note, the majority of clinicians round low serum creatinine values to 0.8 or 1.0 mg/dL

                                                   **Mean ± SD (mL/min)**   **Range (mL/min)**   **Mean % error**   ***P* value**
  -------------------------------- --------------- ------------------------ -------------------- ------------------ ---------------
  DTPA                             All             111 ± 46                 45-256                                  
                                   ≤ 100 mL/min    77 ± 14                  45-96                                   
                                   \> 100 mL/min   140 ± 45                 103-256                                 
  CG (no rounding)                 All             117 ± 38                 55-207               12.9               0.352
                                   ≤ 100 mL/min    98 ± 28                  55-152               29.2               0.024
                                   \> 100 mL/min   135 ± 38                 86-207               -0.1               0.631
  CG (rounding SCr to 0.6 mg/dL)   All             97 ± 30                  46-172               -7.0               0.029
                                   ≤ 100 mL/min    82 ± 23                  46-127               7.9                0.543
                                   \> 100 mL/min   110 ± 29                 72-172               -18.9              0.003

CG: Cockcroft-Gault; DTPA: Diethyl triamine penta-acetic acid; SCr: Serum creatinine.

Smythe et al\[[@B22]\] performed a prospective study in elderly patients, but chose to round SCr to 1.0 mg/dL when calculating CrCl using the CG. This study included 23 patients (age 69.2 ± 8.1 years old) and compared the calculated CrCl using various body weights with or without rounding of SCr to 1 mg/dL with a 24-h measured CrCl. The results of this study showed that of all three examples of calculating CrCl, using the actual SCr values produced the most accurate estimate of CrCl (Table [4](#T4){ref-type="table"}).

###### 

Results from Smythe *et al*\[[@B22]\] showed that rounding of serum creatinine to 1.0 in elderly patients was less accurate than using the patients actual serum creatinine

  **Method**                                 **Bias = CrCl~meas~ - CrCl~calc~ (CI)**   **Precision**
  ------------------------------------------ ----------------------------------------- ---------------
  CG using IBW without gender adjustment                                               
  Actual SCr                                 2.3 (-10.3-14.8)                          22.5
  Rounded SCr                                28.8 (19.1-38.4)                          17.4
  CG using ActBW without gender adjustment                                             
  Actual SCr                                 -13.6 \[-26.8-(-0.43)\]                   23.6
  Rounded SCr                                16.3 (4.5-28.1)                           21.2
  CG using ActBW with gender adjustment                                                
  Actual SCr                                 -5.2 (-17.2-7.1)                          22.1
  Rounded SCr                                22.6 (11.5-33.7)                          19.9

ActBW: Actual body weight; CG: Cockcroft-Gault; CrCl: Creatinine clearance; IBW: Ideal body weight; SCr: Serum creatinine.

The inverse relationship between SCr and CrCl has lead clinicians to further deviate from the studied CG equation in order to broaden the applicability of the equation\[[@B22]\]. Rounding of low SCr values (≤ 0.6 mg/dL) when calculating CrCl is often used by clinicians to prevent overestimation of renal function and over-dosing of renally excreted drugs\[[@B21]\]. The fact that "rounding up" of SCr has not been validated by strong evidence, clinicians who routinely round low SCr in patients may underestimate CrCl and consequently overcompensate for a perceived problem\[[@B21],[@B22]\]. The studies presented in this section confirm the limitations of the CG equation in elderly patients and the use of SCr as a surrogate marker of GFR. Unfortunately, the limitations of SCr based equations extend to additional populations where SCr is falsely low due to underlying disease.

CIRRHOTICS - THE EXCEPTION TO THE RULE
======================================

Among the many complications that arise in patients with liver cirrhosis, renal dysfunction has become a well-established predictor associated with poor prognosis and increased mortality\[[@B7],[@B23]\]. The overall survival of patients with cirrhosis who develop hepatorenal syndrome (HRS) is approximately 50% at 1 mo and 20% at 6 mo\[[@B24]\]. Given the frequency at which cirrhotics demonstrate "cryptic" renal impairment and so often go on to develop HRS, it is critical that clinicians appropriately dose all drugs in cirrhotic patients, particularly those that are nephrotoxic\[[@B25]\]. Unfortunately, due to the underlying disease pathophysiology producing a falsely low SCr, SCr based calculations of CrCl are of limited use in cirrhotics\[[@B7]\].

Underlying CKD in cirrhotics results from alterations in hemodynamics, renal autoregulatory mechanisms, and cardiac function (Figure [2](#F2){ref-type="fig"})\[[@B26],[@B27]\]. Hemodynamically, because of increased portal vein pressure, compensatory vasodilators such as nitrous oxide (NO) decrease peripheral vascular resistance and dilate the splanchnic circulation\[[@B26],[@B27]\]. Progressive vasodilation in the presence of portal hypertension results in a decrease in effective arterial blood volume and activation of sodium retention mechanisms such as the renin-angiotensin-aldosterone system (RAAS)\[[@B26],[@B27]\]. Unfortunately, these compensatory mechanisms lead to renal vasoconstriction and reduced GFR\[[@B26],[@B27]\].

![Systemic effects of cirrhosis. Increased portal vein pressure results in vasodilation decreasing peripheral vascular resistance (PVR) and effective arterial blood volume (EABV). To compensate for this, increased renin-angiotensin-aldosterone (RAA) activation leads to sodium and fluid retention along with renal vasoconstriction and reduced glomerular filtration rate. Adopted with permission from Ho et al\[[@B27]\]. HE: Hepatic encephalopathy.](WJH-9-131-g002){#F2}

In addition to the above hemodynamic changes, cirrhotics have falsely low-to-normal levels of SCr, thus further complicating a clinician's assessment of renal function. Creatine is originally produced in the liver before it is transferred to the skeletal muscles to be stored for energy. In the muscles, it is then phosphorylated, converted to creatinine, and then transferred back into the bloodstream\[[@B28]\]. As cirrhosis progresses, creatine production declines and becomes inconsistent\[[@B28]\]. Furthermore, due to malnutrition and low androgen levels, muscle wasting in cirrhotics limits the storage capacity and phosphorylation of creatine, thereby further decreasing the serum concentration of creatinine\[[@B28]-[@B30]\]. Finally, detecting early acute kidney injury (AKI) in cirrhotics using SCr is already tenuous, and may require far greater than 24 h given the pharmacokinetic properties of creatinine in patients with reduced GFRs\[[@B11]\].

MacAulay et al\[[@B31]\] compared estimates of GFR using three SCr based formulas (CG, MDRD and SCr~rec~) with standard radionuclide measurements (DTPA) of GFR in patients with advanced liver disease. Of the 57 patients in their trial, the mean GFR *via* DTPA was 83 mL/min per 1.73 m^2^ (range 28-173 mL/min per 1.73 m^2^). On average, estimation using the MDRD was most accurate (mean difference % = +4.0; CI = -5.73-20.39), followed by the CG equation (mean difference % = +18.56; CI = 8.48-22.83), and the SCr~rec~ (mean difference % = +28.68; CI = 14.3-30.28). The authors concluded that using the CG and SCr~rec~ (Table [1](#T1){ref-type="table"}A equation VI) equations to estimate GFR in this population can lead to a significant overestimation of GFR.

A similar study by Rognant et al\[[@B32]\] compared GFR estimates using the CG and MDRD equations to a measured GFR using inulin. Estimating CrCl using the CG was normalized to 1.73 m^2^ body surface area (Table [1](#T1){ref-type="table"}A equation I). The 143 patients in this study all had decompensated alcoholic cirrhosis. The mean measured GFR using inulin was 76.9 ± 28 mL/min per 1.73 m^2^, and 30.4% of patients had a GFR ≥ 90 mL/min per 1.73 m^2^ (group 1), 39.2% had a GFR between 60-89.9 mL/min per 1.73 m^2^ (group 2), 26.3% had a GFR \< 60 mL/min per 1.73 m^2^ (group 3) with 4.1% of these patients having a GFR ≤ 30 mL/min per 1.73 m^2^. Mean GFR estimates using the CG and MDRD equations were 98.7 ± 32 mL/min and 99.4 ± 34 mL/min per 1.73 m^2^. The mean estimates using the CG and MDRD equations both overestimated the GFR mean by 21.8 mL/min (28.3%) and 22.5 mL/min (29.3%), respectively. For patients in group 1, the mean absolute bias for the CG was 20 ± 25 mL/min and 18 ± 23 mL/min per 1.73 m^2^. In group 2, the mean absolute bias for the CG was 25 ± 18 mL/min and 27 ± 19 mL/min per 1.73 m^2^ using the MDRD. For those in group 3, the mean absolute bias using the CG was 21 ± 19 mL/min and 19 ± 25 mL/min per 1.73 m^2^. The authors of the study concluded that although the differences between the CG and MDRD estimations were not statistically significant, their findings suggest both equations significantly overestimated renal function in cirrhotics, particularly in those with lower GFRs.

A third study assessing renal function in cirrhotics by Caregaro et al\[[@B33]\] was designed to evaluate the sensitivity of SCr and CrCl in detecting renal insufficiency and the magnitude of overestimation of GFR by CrCl. Estimation of CrCl was made using the CG equation and a 24-h urine collection. Estimates of CrCl were compared to measured GFR using inulin (Inulin Clearance = InCl). Patients in this study were divided into 2 groups based on measured GFR; group 1 (*n* = 29) had a GFR \> 80 mL/min per 1.73 m^2^ and group 2 (*n* = 27) had a GFR ≤ 80 mL/min per 1.73 m^2^. For the patients in groups 1 and 2, the mean measured GFR (InCl) was 113.5 ± 27.9 mL/min per 1.73 m^2^ and 56.8 ± 19.8 mL/min per 1.73 m^2^, respectively. Estimating CrCl using the CG and 24-h urine collection provided an adequate assessment of measured GFR (InCl) in group 1 (CG = 106.3 ± 34.0 mL/min; 24-h = 121.5 ± 28.8 mL/min) but significantly overestimated measured GFR in group 2 (CG = 75.9 ± 40.1 mL/min; 24-h = 78.7 ± 39.2 mL/min) (Figure [3](#F3){ref-type="fig"}). Only 18.5% of patients in group 2 had a SCr level above normal limits and 81.5% of patients with a GFR ≤ 60 mL/min per 1.73 m^2^ had normal SCr levels. Overall, the sensitivity of SCr, CrCl estimated using the CG equation and 24-h urine collection in detecting renal insufficiency was 18.5%, 51% and 74%, respectively.

![In cirrhotics, as renal function declines, conventional methods of estimating renal function are no longer accurate. Both the Cockcroft-Gault (CG) equation and a 24-h urine creatinine clearance (Ccr) significantly overestimated true renal function as measured by inulin clearance (InCl) in cirrhotics with a baseline InCl ≤ 80 mL/min. The CG equation and Ccr were better estimates in those with a baseline InCl \> 80 mL/min\[[@B33]\].](WJH-9-131-g003){#F3}

The authors concluded renal failure in cirrhotic patients is greatly underestimated because of the low sensitivity and accuracy of SCr levels in this population (Figure [3](#F3){ref-type="fig"}). Based on the data presented in this study, utilization of SCr based methods overestimated true renal function by about 50% in cirrhotic patients with a GFR ≤ 80 mL/min per 1.73 m^2^.

CONCLUSION
==========

The importance of accurate and appropriate dosing of all medications remains a critical component of healthcare to maximize efficacy while limiting toxicity. For renally excreted medications, assessment and interpretation of renal function often dictates dosage selection. Due to the impractical nature of a 24-h urine collection, SCr has become a widely accepted surrogate marker of renal function used in several equations including the CG equation. With now over 40 years since its development, the CG equation remains one of the most widely used methods of assessing renal function. Unfortunately, because of its seemingly ubiquitous use and acceptance, many have forgotten its limitations and provider-specific variations used to compensate for these limitations.

Many of the limitations of the CG equation largely stem from the original study supporting its accuracy. The homogenous sample population limits the external validity and creates opportunity for the implementation of empiric correction factors that may or may not be supported by data\[[@B5]\]. As outlined in this review, selection of appropriate weight and rounding of low SCr levels are two examples of techniques used to broaden the applicability of the CG equation. These techniques vary among clinicians, largely because of a lack of evidence unanimously supporting one method over another. Unfortunately, additional limitations in the CG equation extend beyond body composition and habitus to include the subtle manifestations of the underlying disease process in a patient.

In cirrhotic patients, in addition to declining liver function, secondary physiological hemodynamic changes lead to a resultant reduction in GFR. Meanwhile, reductions in creatinine production and reduced muscle mass result in low SCr levels. Because of this, a sort of "cryptic renal failure" picture ensues, whereby SCr-based formulae will overestimate actual GFR by an average of about 50%\[[@B28]-[@B30]\]. Based on the evidence presented in this review and in the authors experience, multiplying the SCr by 1.5 in patients with decompensated cirrhosis provides a better CrCl estimate using the CG equation.

Utilization of the CG equation plays a significant role in the dosing decisions of many clinicians. In order to appropriately utilize this equation, clinicians have an inherent responsibility to understand its origins and limitations. True clinicians comprehensively assess each patient and consider SCr and CrCl as two variables that carry equal weight with several other parameters. Regardless of one's approach to dosing medications, sole reliance on CrCl will undoubtedly lead to the ultimate realization that there is indeed fault in the CG.
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